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One sentence summary: Novel CO-oxidizing extremely halophilic Euryarchaeota representing multiple genera have been isolated from multiple
sources, indicating a broad phylogenetic breadth and wide geographic distribution.
Editor: Julie Olson

ABSTRACT
The phylogenetic affiliations of organisms responsible for aerobic CO oxidation in hypersaline soils and sediments were
assessed using media containing 3.8 M NaCl. CO-oxidizing strains of the euryarchaeotes, Haloarcula, Halorubrum,
Haloterrigena and Natronorubrum, were isolated from the Bonneville Salt Flats (UT) and Atacama Desert salterns (Chile). A
halophilic euryarchaeote, Haloferax strain Mke2.3T , was isolated from Hawai’i Island saline cinders. Haloferax strain Mke2.3T
was most closely related to Haloferax larsenii JCM 13917T (97.0% 16S rRNA sequence identity). It grew with a limited range of
substrates, and oxidized CO at a headspace concentration of 0.1%. However, it did not grow with CO as a sole carbon and
energy source. Its ability to oxidize CO, its polar lipid composition, substrate utilization and numerous other traits
distinguished it from H. larsenii JCM 13917T , and supported designation of the novel isolate as Haloferax namakaokahaiae
Mke2.3T , sp. nov (= DSM 29988, = LMG 29162). CO oxidation was also documented for ‘Natronorubrum thiooxidans’ HG1
(Sorokin, Tourova and Muyzer 2005), N. bangense (Xu, Zhou and Tian 1999) and N. sulfidifaciens AD2T (Cui et al. 2007).
Collectively, these results established a previously unsuspected capacity for extremely halophilic aerobic CO oxidation, and
indicated that the trait might be widespread among the Halobacteriaceae, and occur in a wide range of hypersaline habitats.
Keywords: extreme halophile; carbon monoxide oxidation; Euryarchaeota; Haloferax

INTRODUCTION
Aerobic CO oxidation based on form I molybdenum-dependent
CO dehydrogenase (Mo-CODH, see King and Weber 2007) has
been documented with isolates or inferred from genomic
analyses representing multiple phyla within the Bacteria, including Actinobacteria, Bacteroidetes, Chloroflexi, Deinococcus-

Thermus, Firmicutes and Proteobacteria (e.g. King and Weber
2007; Wu et al. 2009; King and King 2013, 2014). Most of the
CO oxidizers identified thus far have been mesophiles and neutrophiles. However, a small number of Actinobacteria, Chloroflexi, Firmicutes and Proteobacteria have been identified as
thermotolerant or thermophiles (Lyons, Colby and Williams
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MATERIALS AND METHODS
Sites and sampling
Saline crusts and hypersaline muds were collected from the
Bonneville Salt Flats in July 2014 and 2015 (BSF; UT, USA). Saline
cinders were obtained from two sites in a seawater splash zone
at the top of a lava escarpment at Mackenzie State Park (MSP)
on the south shore of Hawai’i Island in July 2013 (HI, USA). Small
pools of saline water and salinized cinders and soils created
by inputs of seawater from waves breaking at the escarpment
base comprised the MSP site. Variations in evaporation, and inputs of seawater and freshwater from precipitation, resulted in
varied salinities and water potentials. Details of the MSP and
BSF sites, including GPS coordinates, sampling methods and CO
uptake analyses, have been described previously (King 2015).
Crystalline surface sediments were also obtained from two hypersaline systems in May 2013: Laguna Cejar (LC) and Salar de
Llamara (SL) in the Atacama Desert, Chile (samples provided by
B. Bebout, Mt View, CA and C. Kelley, Univ. Missouri). Samples
from both sites were transported to B. Bebout’s laboratory after collection, and then shipped to Louisiana. Details of the two
Atacama sampling sites have been described previously (Kelley
et al. 2014).

Enrichment and isolation
In general, enrichments were conducted by transferring small
masses (<1 gram fresh weight) of salts, muds, soil or cinders to
160-ml serum bottles containing 10 ml of CM1 medium (Burns
et al. 2007; Dyall-Smith 2008) with 3.8 M NaCl and 25 mM
pyruvate. The serum bottles were sealed with neoprene rubber
stoppers, and CO was added at a final concentration of about
100 ppm to air headspaces; a nitrogen headspace was used for
isolate Haloarcula sp. BSFN3, which was supplied with nitrate
as an electron acceptor. All bottles were incubated with rotary
shaking (100 rpm) at 40◦ C. Gas chromatographic analysis (Hardy
and King 2001) was used to monitor headspace CO sub-sampled
at suitable intervals. The liquid phase of enrichments that oxidized CO was used to inoculate fresh CM1-pyruvate media in
160-ml serum bottles that were sealed, amended with CO and
monitored as before. Sediment-free dilutions from positive enrichments were spread on CM1-pyruvate agar plates that were
wrapped with DuraSeal and incubated at 40◦ C. After 5–7 d, morphologically distinct colonies were selected for inoculation into
individual 60-ml serum bottles containing 5 ml CM1-pyruvate.
These new liquid cultures were screened for CO oxidation. Liquid cultures that oxidized CO were re-plated as necessary to obtain axenic isolates.

Phenotypic, physiological and biochemical
characterization
Haloferax strain Mke2.3T was selected for a detailed characterization, since it was the most phylogenetically novel of the various
isolates obtained from enrichments. All assays were conducted
with media based on CM1-pyruvate, and growth was measured
by monitoring absorbance at 600 nm (A600 ) unless otherwise
noted. To determine the optimum growth pH, a 0.1 M phosphate buffer was used to produce media with pH 5.5, pH 6.0 and
pH 6.8; a 0.1 M bicarbonate-carbonate buffer was used for media
with pH 7.6 and pH 8.3. Triplicate samples at each pH were incubated at 40◦ C. Growth was assayed daily for seven days. The
temperature range and optimum for growth was assessed using
CM1-pyruvate containing 1.7 M NaCl; Haloferax strain Mke2.3T
was incubated in triplicate at 20◦ C, 25◦ C, 30◦ C, 40◦ C and 55◦ C.
Growth was assayed daily for 5 days. The range and optimum
NaCl concentrations for growth were determined using media
with 0.5 M, 1 M, 2 M, 3 M, 4 M and 5.4 M NaCl; growth was measured over 5 days. The minimum concentration of added magnesium (Mg2+ ) required for growth was assessed using additions
of 0 mM, 1 mM, 3 mM and 5 mM; growth was measured in duplicate at time zero and after 5 days.
Substrate utilization was measured by adding various carbon sources to a substrate-free CM1 medium with 1.7 M NaCl.
Each substrate was added at a final concentration of 25 mM.
Negative controls contained no carbon source. Cells used for inoculation were harvested by centrifugation (10 min at 4◦ C and
10 000 × g) from CM1-pyruvate, washed twice and re-suspended
in CM1 lacking a carbon source to ensure that the inoculum was
substrate-free. Assays were conducted in duplicate with initial
and final A600 measurements to determine extent of growth.
GN2 BioLog microplates (BioLog, Inc.; Hayward, CA) were
used to compare 95 carbon source utilization patterns for
Haloferax strain Mke2.3T and its closest relative, H. larsenii JCM
13917T (Xu et al. 2007). Cells for inoculation were harvested from
CM1-pyruvate by centrifugation (10 000 × g at 4◦ C for 10 min),
washed twice, and re-suspended in CM1 lacking a carbon source.
Cell densities were adjusted to an A600 of about 0.1, and 150 μL
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1984; Bell, Colby and Williams 1988; Pearson et al. 1994; King and
Weber 2007; Wu et al. 2009; King and King 2013, 2014). In addition, CO uptake has been documented for the thermoacidophilic
crenarchaeote, Sulfolobus islandicus YN1551, and inferred from
genomic sequence data for other Sulfolobus and thermophilic
Geoarchaeota (King and King 2014).
CO uptake by moderate halophiles has been reported infrequently, although numerous marine CO oxidizers have been
documented (King and Weber 2007; Weber and King 2007).
Hoeft et al. (2007) described CO oxidation by the moderately
halophilic alkaliphile, Alkalilimnicola ehrlichii MLHE1, and two related taxa (Alkalilimnicola halodurans DS 13718T and Alkalispirillum mobile DSM 12769T ). Sorokin et al. (2010) enriched members of Alkalilimnicola/Alkalispirillum from hypersaline soda lakes
using CO as a sole carbon and energy source. The carboxydotrophic isolates they obtained were capable of growth with
CO at salt concentrations up to 3.5 M (Sorokin et al. 2010). King
(2015) extended those observations by documenting CO uptake
by A. ehrlichii MLHE-1 in media with salt concentrations up to
3.1 M NaCl, and oxygen concentrations from <2000 ppm to 21%
(King 2015). Genome sequence analyses also have also indicated that several euryarchaeotes in the genus Natronorubrum
might oxidize CO, but activity has not been assessed previously for these isolates. Thus, little is known about the extent to which high salt concentrations limit or preclude CO
oxidation.
King (2015) recently described CO uptake by samples of salt
deposits, hypersaline muds and salinized soils obtained from
coastal Hawai‘i, the Bonneville Salt Flats and hypersaline pools
within the Atacama Desert. Samples that actively consumed CO
have been used to enrich and isolate extremely halophilic CO oxidizers, some of which are described here. The isolates, all euryarchaeotes, provide evidence that Mo-dependent CO oxidation
might be relatively widespread among the Archaea, and common within the Halobacteriaceae. The results also suggest that
CO-oxidizing extreme halophiles occur in geographically and
geochemically diverse systems, and thus might be found ubiquitously in hypersaline environments.

McDuff et al.

Molecular genetic analyses
Axenic CO-oxidizing isolates from Hawai‘i, the Bonneville Salt
Flats, and the Atacama Desert systems were grown in CM1pyruvate to A600 values of approximately 1. Genomic DNA
was extracted from cell suspensions using Mobio (Carlsbad,
CA) Microbial DNA extraction kits following the manufacturer’s
instructions. Isolate 16S rRNA genes were amplified by PCR
using genomic extracts as templates (Sambrook, Fritsch and
Maniatis 1989; Lane 1991) and archaeal primer 21f (Miyashita
et al. 2009) and universal primer 1492r (Lane 1991). PCR amplicons were sequenced using an ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA) at the Louisiana
State University Genomics Facility (Baton Rouge, LA). Bidirectional 16S rRNA sequence reads were assembled and edited using Sequencher 4.8 (Gene Codes Corporation). The 16S rRNA
gene sequences were aligned to the SILVA reference 16S rRNA
non-redundant database and classified using SINA v. 1.2.11
(Pruesse, Peplies and Glöckner 2012). Aligned 16S rRNA gene sequences from selected close relatives were downloaded for phylogenetic analyses that were conducted using neighbor-joining
and maximum-likelihood methods in MEGA v. 5.1 (Tamura
et al. 2013) with 1000 and 100 bootstrap replicates, respectively.
The same procedures were followed for several other isolates
used in this study (Haloterrigena sp. LL2A, Natronorubrum sp.
C29 and Haloarcula sp. BSFN3). 16S rRNA gene sequences from
this study have been deposited in NCBI Genbank as Haloferax
sp. namakaokahaiae Mke2.3T , KT970727; Haloterrigena sp. LL2A,
KT970725; Natronorubrum sp. C29, KT970726 and Haloarcula sp.
BSFN3, KU052794.

Isolate CO uptake assays
Isolates obtained in this study and from others were assayed
for CO uptake capacity. For CO uptake assays, Haloferax strain
Mke2.3T (from MSP) was grown in CM1-pyruvate medium in 60ml serum bottles with neoprene rubber stoppers at 40◦ C. Final
CO concentrations of approximately 100 ppm were added to the
headspaces at stationary phase. Sub-samples of the headspaces
were collected with a needle and syringe, and assayed as described elsewhere (King 1999) using a Peak Performer 1 gas chromatograph with a reduced gas detector (Peak Laboratories, LLC;
Mount View, CA). All measurements were performed in triplicate and at time intervals consistent with the rates of oxidation. Similar CO uptake assays for Haloferax strain Mke2.3T
were also initiated with starting headspace concentrations of

10 ppm, 1000 ppm (0.1%) and 10 000 ppm (1%). To determine if
CO could support growth, 50 ml of CM1 medium without pyruvate was inoculated with Haloferax strain Mke2.3T and incubated
in a sealed 2-l Erlenmeyer flask containing 200 000 ppm CO (20%)
plus 5% CO2 . Headspace CO and optical density (absorbance at
600 nm) were monitored at intervals for 30 d.
CO uptake rates for Haloarcula strain BSFN3 (from BSF),
Halorubrum strain BV1 (from BSF), Haloterrigena strain LL2A (from
SL) and Natronorubrum strain C29 (from LC) were established
using cultures grown in CM1-pyruvate with initial headspace
CO concentrations of 100 ppm. Starting concentrations of
10 ppm were used in some time courses to assess the capacity of
isolates to reduce CO concentrations below atmospheric levels
(0.2–0.3 ppm). CO uptake assays were also conducted with ‘Natronorubrum thiooxidans’ HG1 (Sorokin, Tourova and Muyzer
2005) (a gift from D. Sorokin), Natronorubrum aibiense 7-3T (Cui
et al. 2006) (from Japan Collection of Microorganisms [JCM]),
Natronorubrum bangense A33T (Xu, Zhou and Tian 1999) (from
JCM), Natronorubrum sulfidifaciens AD2T (Cui et al. 2007) (from
JCM), Natronorubrum texcoconense B4T (Ruiz-Romero et al. 2013)
(from Deutsche Sammlung von Mikroorganismen und Zellkulturen [DSMZ]), and Natronorubrum tibetense GA33T (Xu, Zhou and
Tian 1999) (from DSMZ). ‘Natronorubrum thiooxidans’ HG1 was
grown in CM1-pyruvate medium in 160-ml serum bottles, and
at stationary phase CO was added to a final concentration of
100 ppm. The remaining Natronorubrum isolates were grown in
DSMZ medium 371 and incubated with 100-ppm headspace CO
concentrations; a 10-ppm concentration was also used with N.
sulfidifaciens AD2T .
Since the genome of N. tibetense GA33T contained the canonical form I gene for the large sub-unit of CODH, several additional
assays were undertaken after the initial uptake results proved
negative. To determine if activity was repressed by residual substrates in medium 371, N. tibetense GA33T was grown to stationary phase, then cells were harvested by centrifugation (4 min,
10 000 × g, 4◦ C), washed and resuspended in medium 371 without substrate. Assays were also conducted with elevated CO (1%)
to determine if high concentrations were necessary to induce
activity.

RESULTS AND DISCUSSION
CO oxidation by haloarchaeal isolates
An isolate from the Bonneville Salt Flats, Halorubrum strain BV1,
previously provided evidence for CO oxidation by haloarchaea
(King 2015). Results presented here provide the first evidence
for CO oxidation by four additional genera: Haloarcula, Haloferax,
Haloterrigena and Natronorubrum (Fig. 1). These observations suggest that haloarchaeal CO oxidizers likely encompass significant diversity—as yet largely unexplored—and perhaps comparable in relative terms to that of other major CO-oxidizing
lineages, e.g. Actinobacteria and Proteobacteria. Further analyses of haloarchaeal CO oxidizer diversity might also contribute
new insights about the origin and evolution of molybdenumdependent CO oxidation, which until recently was largely confined to the domain Bacteria, with horizontal gene transfer from
Bacteria potentially accounting for the few known instances of
cox genes in Crenarchaea.
Haloferax strain Mke2.3T was able to oxidize CO from
1000 ppm to sub-ambient concentrations’ (Fig. S1, Supporting
Information). Relative to activity with headspace concentrations
of 100 ppm, CO uptake rates increased modestly at concentrations of 1000 ppm (Fig. S1, Supporting Information); however, no
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of the suspension was pipetted into each microplate well. Microplates were incubated at 40◦ C for 4 d to assess color development.
API 20 NE test strips (BioMerieux Inc.; Cambridge, MA) were
used according to the manufacturer’s instructions to measure
additional biochemical traits. Catalase activity was assessed by
pipetting hydrogen peroxide solution onto a microscope slide,
harvesting a loop of Haloferax strain Mke2.3T cells from a CM1pyruvate agar plate, and combining them to observe the formation of oxygen bubbles. Oxidase activity was assessed by pipetting 200 μL of oxidase reagent onto Haloferax strain Mke2.3T
colonies grown on a CM1-pyruvate agar plate.
Polar lipid and DNA base composition (mol% G + C)
were determined by the Identification Service of the DSMZ,
Braunschweig, Germany. All assays followed standard methods
(Cashion et al. 1977; Mesbah, Premachandran and Whitman
1989; Tindall et al. 2007).
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4
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CO uptake or CO-dependent growth was observed at either 1% or
20% CO concentrations, indicating that CO became inhibitory at
elevated levels. Similar trends have been observed previously for
proteobacterial CO oxidizers, e.g., an isolate related to Aminobacter (Hardy and King 2001) and several members of Labrenzia (formerly Stappia; King and Weber 2007; Weber and King 2007).
Although high CO concentrations inhibited uptake, high salt
concentrations had a limited impact on activity. CO uptake
rate constants for Haloferax species Mke2.3T incubated in CM1
medium with 5.4 M NaCl (saturation) were about 76% of uptake
rate constants measured for cells incubated in CM1 with 3.8 M
NaCl (Fig. 2). CO uptake by Halorubrum strain BV1 was similarly

salt tolerant (Fig. 2; King 2015). In addition, both Haloferax species
Mke2.3T and Halorubrum strain BV1 were capable of oxidizing CO
at ambient and sub-ambient levels in the presence of high salt
concentrations (Fig. 2). This suggests that these and similar isolates could contribute to atmospheric CO uptake in situ, a process
that has been observed for saline soils near the Bonneville Salt
Flat (King 2015).
A number of other haloarchaeal isolates were also capable of oxidizing CO in the presence of high salt concentrations
(Fig. 3). These included isolates identified as Haloterrigena sp.
LL2A, Haloarcula sp. BSFN3 and Natronorubrum sp. C29 (Fig. 1). The
former was most closely related to Haloterrigena longa ABH32T ,
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Figure 1. Phylogenetic analysis of partial 16S rRNA gene sequences from CO-oxidizing extreme halophiles and selected close relatives. The unrooted phylogeny was
inferred using a maximum likelihood method based on the General Time Reversible model as implemented in MEGA v. 6.06 (Tamura et al. 2013). Robustness of the
consensus tree was established with 100 bootstrap replicates; bootstrap support greater than ≥50% is shown next to the branches. Evolutionary rate differences among
sites were modeled with a discrete gamma distribution. A total of 1206 positions were used in the final dataset after excluding gaps and ambiguous bases. Sequences
highlighted in light blue represent isolates from this study; sequences highlighted in yellow represent isolates identified as potential CO oxidizers based on genome
sequences, and confirmed as such in this study. The sequence highlighted in red represents an isolate identified as a potential CO oxidizer based on its genome
sequence, but which did not oxidize CO in this study. Sequences highlighted in dark blue represent isolates identified as potential CO oxidizers based on genome
sequences, but which have not yet been confirmed. Dashed boxes indicate family level associations of individual taxa.

McDuff et al.

(King 2015), but whether either isolate oxidizes CO in situ is unknown at present.
Six other known Natronorubrum species were also examined
for CO uptake capacity. These included N. aibiense 7-3T , N. bangense A33T , N. sulfidifaciens AD2T , N. texcoconense B4T , ‘N. thiooxidans’ HG1 and N. tibetense GA33T . Neither N. aibiense, N. texcoconense, nor N. tibetense oxidized CO. The lack of activity by N. tibetense was notable, since its genome contained a complete form
I cox operon, and nothing appeared unusual about its cox gene
sequences. This suggested that an as yet unidentified regulatory
mechanism controlled activity. In contrast, both N. bangense and
N. sulfidifaciens oxidized CO, the later at sub-atmospheric concentrations (Fig. 3). Genomes for these isolates contained complete form I cox operons with sequences that were phylogenetically close to those of N. tibetense.
‘Natronorubrum thiooxidans’ HG1 also oxidized CO, which
is notable, because this isolate has also been reported to oxidize thiosulfate to tetrathionate under mixotrophic conditions;
it does not couple thiosulfate metabolism to growth, however
(Sorokin, Tourova and Muyzer 2005). This use of thiosulfate
is comparable to the pattern for CO use by many CO oxidizers, including Haloferax species Mke2.3T (King and Weber 2007).
By analogy to ‘N. thiooxidans’ HG1 thiosulfate metabolism, CO
seems to serve as an energy supplement rather than as a primary substrate. However, CO oxidation appears to be more
widely distributed among than haloarchaea than is thiosulfate
metabolism, since only ‘N. thiooxidans’ HG1 has been reported
to oxidize thiosulfate thus far (Sorokin, Tourova and Muyzer
2005). This might reflect a greater availability of CO than thiosulfate.
The various isolates documented as CO oxidizers in this
study were obtained from a wide range of habitats, including
the Bonneville Salt Flats, coastal hypersaline cinders, hypersaline lake sediments (China, Russia and Tibet), and hypersaline
sediments from salterns in the Atacama Desert. These diverse
sources indicated that CO-oxidizing haloarchaea have a broad
biogeographic distribution. However, the survey reported here
represents just a small fraction of the diverse systems in which
haloarchaea occur. Additional surveys are needed to establish
the ecological breadth of haloarchaeal CO oxidizers, and to determine if they are more abundant in specific biogeochemical
contexts. For example, soil CO oxidation has been correlated
positively with soil organic matter concentrations, presumably
reflecting a dependence of CO oxidizers on heterotrophic substrates (Moxley and Smith 1998; King 2000). Whether this also
holds for haloarchaeal CO oxidizers remains to be determined.

Phenotypic, physiological and biochemical
characterization of Haloferax namakaokahaiae Mke2.3T
Figure 3. CO uptake by Natronorubrum sulfidifaciens AD2T (open circles), Natronorubrum sp. C29 (squares), Haloterrigena sp. LL2A (triangles), and Haloarcula
sp. BSFN3 incubated in CM1 media with 3.8 M NaCl. All values are means of
triplicates ± 1 standard error. Dashed line indicates ambient atmospheric CO
concentrations.

while strain BSFN3 was most closely related to Haloarcula salaria
JCM 15759T ; strain C29 was most closely related to ‘N. thiooxidans’ HG1 (Sorokin, Tourova and Muyzer 2005). All three isolates
were capable of oxidizing CO in the presence of 3.8 M NaCl, and
all oxidized CO at sub-ambient concentrations (Fig. 3), a capability that suggested possible contributions to CO dynamics in
situ. Exogenous CO was oxidized under ex situ conditions by the
hypersaline sediments from which these isolates were derived

Two CO-oxidizing isolates with identical 16S rRNA gene sequences (Fig. 1) were enriched from separate saline cinder deposits, one with a water potential approximately two-fold lower
than seawater (−5.3 MPa), and the second with a water potential
about 10-fold lower (−28.5 MPa). Cinders at both sites oxidized
exogenous CO ex situ (Fig. S2, Supporting Information). The isolate from the most saline deposit was chosen for further analyses. This isolate, H. namakaokahaiae Mke2.3T , was most closely
related to H. larsenii JCM 13917T , with which it shared 97.0% rRNA
gene sequence identity (Fig. 1). On CM1-pyruvte agar plates,
H. namakaokahaiae Mke2.3T formed red, circular, convex colonies
typical of haloarchaea. Its cells stained Gram-negative, and were
non-motile as has been reported for other members of Haloferax
(e.g. Asker and Ohta 2002; Xu et al. 2007; Allen et al. 2008). In
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Figure 2. CO uptake by Halorubrum sp. BV1 (circles) and H. namakaokahaiae
Mke2.3T (squares) incubated in CM1 medium with 3.8 M NaCl (open symbols)
or saturated NaCl (closed symbols). All values are means of triplicates ±1 standard error. Dashed line indicates ambient atmospheric CO concentrations.

5

6

FEMS Microbiology Ecology, 2016, Vol. 92, No. 4

Table 1. Phenotypic characteristics that distinguish strain Mke2.3T from other Haloferax species. Taxa: 1, H. namakaokahaiae Mke2.3T (this study);
2, H. larsenii JCM 13917T (Xu et al. 2007); 3, H. volcanii JCM 8879T (Mullakhanbhai and Larsen 1975); 4, H. denitrificans JCM 8864T (Tomlinson, Jahnke
and Hochstein 1986); 5, H. gibbonsii JCM 8863T (Juez et al. 1986); 6, H. mediterranei JCM 8866T (Rodriguez-Valera, Juez and Kushner 1983); 7, H.
alexandrinus JCM 10717T (Asker and Ohta 2002); 8, H. lucentense JCM 9276T (Gutierrez et al. 2002); 9, H. sulfurifontis JCM 12327T (Elshahed et al.
2004); 10, H. prahovense JCM 13924T (Enache et al. 2007); 11, H. elongans JCM 14791T (Allen et al. 2008); 12, H. mucosum JCM 14792T (Allen et al.
2008). +, Positive; –, negative; ND, not determined. R, red; OR, orange-red; P, pink; SP, salmon-pink; BO, beige-orange; PR, pink-red.
Trait

2

3

4

5

6

7

8

9

10

11

12

+
–
R
0.5–5.4
1–2
6–8
30
–
–
61.5

–
+
OR
1.0–4.8
2.2–3.4
6.5–7
42–45
+
–
62.2 ± 0.8

ND
–
RO
1.0–4.5
1.7–2.5
7
45
+
–
63.2 ± 0.5

ND
–
OR
1.5–4.5
2.0–3.0
6.7
50
+
+
64.2

ND
+
P
1.5–5.2
2.5–4.3
6.5–7
35–40
–
–
61.8

ND
+
R
1.3–4.7
2.9
6.5
35
+
+
60

ND
–
P
1.7–5.2
4.3
7.2
37
+
–
59.5 ± 0.3

ND
+
P
1.8–5.1
4.3
7.5
37
–
–
64.5

ND
–
SP
1.0–5.2
2.1–2.6
6.4–6.8
32–37
+
–
60.5

ND
–
BO
2.5–5.2
3.5
7.0–7.5
38–48
–
–
63.7

ND
–
R
1.7–5.1
2.6–3.4
7.4
53
–
–
61.4

ND
–
PR
1.7–5.1
2.6–3.4
7.4
42–53
–
–
60.8

CM1-pyruvate media, liquid cultures were pink, and cells were
highly pleomorphic as has been routinely reported for Haloferax
(Xu et al. 2007). H. namakaokahaiae Mke2.3T was oxidase and catalase positive and grew with NaCl concentrations from 0.5 M–5.4
M (saturation) with an optimum between 1–2 M (Table 1; Fig. S3,
Supporting Information). H. namakaokahaiae Mke2.3T exhibited
a circumneutral pH optimum from pH 6–8, and grew optimally
when incubated at 30◦ C (Table 1); it did not grow when incubated
at 20◦ C or 55◦ C. Its temperature optimum was distinctly lower
than values reported for most other Haloferax (Table 1), perhaps
reflecting an origin from a seawater source.
Haloferax namakaokahaiae Mke2.3T used acetate, alanine, fumarate, malate, proline, pyruvate and succinate as sole sources
of carbon and energy for growth. It was unable to use acetone, arabinose, aspartate, citrate, dimethylamine, ethanol, fructose, galactose, glucose, glucuronate, glycerol, glycine, glycine
betaine, glycolate, isopropanol, lactate, lactose, malonate, mannitol, mannose, methanol, methylamine, propionate, ribose, serine, sucrose, tartrate, trimethylamine, valine and xylose. The
range of growth substrates used by H. namakaokahaiae Mke2.3T
appeared similar to that for several members of Haloferax, e.g.
H. alexandrines TMT (Asker and Ohta 2002), but was much narrower than for other members (Elshahed et al. 2004). For example, H. larsenii JCM 13917T used numerous substrates for growth
that H. namakaokahaiae Mke2.3T did not, including alanine, glucose, glutamate, glycerol, lactate, malate, maltose, mannose,
ornithine, starch and sucrose (Xu et al. 2007). The observed
differences in substrate utilization presumably reflect niche
partitioning among the members of Haloferax. Although little is known about haloarchaeal niche partitioning in general, an increasing number of isolates and genome sequences
should facilitate analyses of genetic potential, distribution and
abundance.
API test results revealed that H. namakaokahaiae Mke2.3T
expressed β-glucosidase and protease activity, and fermented
glucose. Haloferax namakaokahaiae Mke2.3T did not reduce nitrate anaerobically or produce gas from nitrate, and it was negative for indole production, arginine dihydrolase, urease, βgalactosidase and assimilation of glucose, arabinose, mannose,
mannitol, N-acetyl-glucosamine, maltose, gluconate, caprate,
adipate, malate, citrate and phenylacetate. In contrast, the closest validly described congeneric for H. namakaokahaiae Mke2.3T ,
H. larsenii JCM 1317T , has been reported as positive for both indole formation and denitrification (Xu et al. 2007).

Haloferax namakaokahaiae Mke2.3T also diverged considerably
from H. larsenii JCM 13917T in its ability to metabolize substrates
present in Biolog GN2 plates (Table 2). These results were generally consistent with those from growth assays in that they indicated a greater preference for sugars by H. larsenii JCM 13917T ,
and a greater preference for organic acids by H. namakaokahaiae
Mke2.3T . Results from growth assays and GN2 plates collectively
revealed substantial differences in carbon utilization between
the two isolates, and provided evidence consistent with species
level distinctions.
Haloferax namakaokahaiae Mke2.3T required an addition of at
least 3 mM Mg2+ for good growth in CM1 media. It grew weakly
with 1 mM added Mg2+ (A600 = 0.112), and substantially better
with 3 mM added Mg2+ (A600 = 0.565). An optimal concentration
was not established, but these results were consistent with reports for other Haloferax isolates, for which 5–10 mM magnesium
was typically required (Asker and Ohta 2002; Elshahed et al. 2004;
Allen et al. 2008).
The major polar lipids of H. namakaokahaiae Mke2.3T included two glycolipids, phosphoglycolipid and methylphosphoglycerophosphate. In contrast, the major polar lipids for H.
larsenii JCM 13917T included the C20 C20 derivatives of phosphatidylglycerol, phosphatidylglyerol phosphate methyl ester,
diglycosyl glycerol diether and sulfated diglycosyl diether (Xu
et al. 2007). The substantial divergence in polar lipid content between H. namakaokahaiae Mke2.3T and H. larsenii JCM 13917T was
consistent with other observed differences. However, the G + C
content of H. namakaokahaiae Mke2.3T was 61.5 mol%, a value
comparable to those reported for other Haloferax (Table 1). Since
G + C content is relatively conservative, little variation among
strains was anticipated.

Description of H. namakaokahaiae Mke2.3T sp. nov
Haloferax namakaokahaiae (na.ma.ka.o.ka.hai’ae. Hawaiian N.
fem. adj. from Namakaokahai, older sister of Pele and goddess
of the oceans and water, namakaokahaiae, in recognition of the
seaside source of the isolate).
Cells are Gram-negative, pleomorphic, non-motile rods.
Forms red, circular, convex colonies on solid media. Grows
with NaCl between 0.5 M and 5.4 M (optimum 1.7 M). Grows
optimally at pH 6–8 and 30◦ C. No growth occurs at 20◦ C or 55◦ C.
Weak growth occurs with 1 mM Mg2+ ; significant improvement
occurs with 3 mM added Mg2+ . Grows aerobically; does not
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Table 2. GN2 Biolog MicroPlate substrate utilization summary of Haloferax strain Mke2.3T and H. larsenii JCM 13917T . Substrates with negative
results for both strains are not included.
Hfx. Mke2.3T

H. larsenii

Substrate

Hfx. Mke2.3T

H. larsenii

NAGalactosaminea
NAGlucosamineb
D-Arabitol
D-Cellobiose
i-Erythritol
D-Fructose
L-Fucose
D-Galactose
Gentibiose
α-D-Glucose
Lactulose
D-Mannitol
D-Mannose
D-Melibiose
β-Methyl-D-Glucoside
D-Psicose
D-Raffinose
L-Rhamnose
D-Sorbitol
Sucrose

–
–
+
–
–
+
+
+
–
+
+
+
+
–
–
–
+
+
–
–

+
+
+
+
+
+
+
+
+
+
–
–
–
+
+
+
+
+
+
+

D-Trehalose
Turanose
Methyl Pyruvate
Acetate
Citrate
α-Keto Butyate
D,L-Lacate
Propionate
Succinate
Succinamate
L-Alaninamide
L-Histidine
HO-L-Proline
L-Proline
L-Pyroglutamate
D,L-Carnitine
Urocanate
Thymidine
2,3-Butanediol
Glycerol

–
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
–
+
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

a
b

N-Acetyl-D-Galactosamine.
N-Acetyl-D-Glucosamine.

reduce nitrate anaerobically or produce gas from nitrate;
oxidase- and catalase-positive. Positive for protease, βglucosidase hydrolysis, and glucose fermentation. Negative for indole production, arginine dihydrolase, urease,
β-galactosidase, and assimilation of glucose, arabinose, mannose, mannitol, N-acetyl-glucosamine, maltose, gluconate,
caprate, adipate acid, malate, citrate and phenylacetate. Oxidizes carbon monoxide and possesses a form I large sub-unit
CO dehydrogenase gene (coxL). Uses the following substrates as
carbon sources for growth: acetate, alanine, fumarate, malate,
proline, pyruvate and succinate. Does not use the following
substrates as carbon sources for growth: acetone, arabinose,
aspartate, citrate, dimethylamine, ethanol, fructose, galactose, glucose, glucuronate, glycerol, glycine, glycine betaine,
glycolate, isopropanol, lactate, lactose, malonate, mannitol,
mannose, methanol, methylamine, propionate, ribose, serine,
sucrose, tartrate, trimethylamine, valine and xylose. The major
polar lipids include two glycolipids, phosphoglycolipid and
methylphosphoglycerophosphate. The DNA G + C content of
DNA is 61.5 mol%. The type strain was isolated from saline
cinders obtained from a seawater splash zone at the top of a lava
escarpment (Hawai’i Island, HI, US). Haloferax namakaokahaiae
Mke2.3T has been deposited as DSM 29988 and LMG 29162.

SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online.
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